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ABSTRACT
THE EFFECTS OF WEATHER, BODY WEIGHT, AND FEED INTAKE ON TOTAL
AND LIQUID WATER INTAKE IN BEEF CATTLE
ZACHARY S. MCDANIEL
2021
Two completely randomized design feedlot experiments were conducted over the
course of a year. Both experiments were performed in order to determine the effects of
weather, body weight (BW), and feed intake on total daily water intake (TDWI) and
liquid daily water intake (LDWI) in beef steers. Experiment 1 utilized Angus weaned
steers (n = 27; initial BW = 273 + 21.3 kg). Experiment 2 utilized yearling Bos taurus
steers (n = 26; initial BW = 421 + 16.2 kg). Individual feed and water intake were
collected using the Insentec (Insentec RIC, Hokofarm, Marknesse, Netherlands)
automated feeding and water system. Water was supplied from the Brookings Municipal
supply. Feed and water samples were obtained weekly. Feed samples were dried in order
to determine the dry matter and the water contained within the feed. Water samples were
weighed weekly in order to determine the amount of total dissolved solutes contained in
the water. Individual weights were obtained every 28 days in order to estimate predicted
daily BW in each individual steer. Weather was collected through the South Dakota
Mesonet's Brookings location. Windchill, solar radiation (SRAD), and maximum relative
humidity (RHMax) were obtained for Experiment 1. Maximum ambient temperature
(TAMax), SRAD, and windspeed (WSPD) were obtained for Experiment 2. A linear
repeated measures model with both random intercept and slope slope estimated for each
animal were used to account for within subject correlations; BW and DMI included in the
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model as covariates. Effects of DMI, BW, SRAD, and windchill were positively
associated with TDWI and LDWI in beef calves fed during the winter (P < 0.001); RHMax
was negatively associated with TDWI and LDWI (P < 0.001). Additionally, effects of
DMI, BW, SRAD, and TAMax were positively associated with TDWI and LDWI during
the summer (P < 0.001); WSPD was negatively associated with TDWI and LDWI (P <
0.001). In Exp. 1 the R2 observed for the models for predicting TDWI and LDWI was
0.657 and 0.730 respectively. Furthermore, in Exp. 2 the R2 for the models predicting
TDWI and LDWI was 0.686 and 0.670 respectively. When comparing previously
developed models to the current study on a dataset independent from this study, this
study provided the lowest average residual amongst studies (3.20 L/day) and the highest
goodness of fit (R2 = 0.810). Based on the R2 observed in each model developed, DMI,
BW, SRAD, windchill, RHMax is useful for predicting TDWI and LDWI in winter months
in the Upper Midwest. Furthermore, DMI, BW, SRAD, TAMax, and WSPD are useful for
predicting TDWI and LDWI in summer months in the Upper Midwest.
Key words: water, body weight, weather, total water intake, liquid water intake
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CHAPTER I: REVIEW OF LITERATURE
INTRODUCTION
Water is an essential nutrient for life; in fact, water is important enough that many
researchers searching for life within the solar system search for signs of water (Roger and
Woolf, 1996). Despite water often being thought of as an unlimited resource, freshwater
constitutes only 2.5% of all water resources (Thornton et al., 2009). Furthermore, global
surface temperatures have risen in the last 20 years, leading to increased climate
variability, drought conditions, and desertification (IPCC, 2014). Additionally, the human
population is expected to increase from 7.8 billion to 9.8 billion by 2050 (U.N., 2017).
With the increase in population, the demand for beef will continue to increase as well as
the competition for land and water resources. As water becomes less available, water
quality may become a greater concern, especially considering pollutants are more
concentrated when lower levels of fresh water are available (NASEM, 2016). Unlike
carbohydrates, fats, or proteins, research on water requirements has garnered little
attention from animal scientists. Until the latest publication of the beef cattle nutrient
requirements, a prediction equation from a study performed in the 1950s to predict water
intake for modern-day beef cattle was utilized (Winchester and Morris, 1956; NASEM
2016). This could be consequently from the recognized fact that as long as an organism
has sufficient access to water, homeostasis, or the need to survive and reproduce, can be
achieved (Kraly, 1984). Additionally, until recently, technology was not available to
easily measure water intake in beef cattle.
Since Winchester and Morris (1956), many important changes to beef production
systems have happened that warrant research into cattle water requirements. Genetics,

2
cow and calf body size,cow-calf management, dietary nutrient content, and growth
technologies, all of which are discussed further in later sections. Furthermore, the
physiological interdependency between water, food, and the behavior during
drinking/eating bouts has gained significant recognition since the 1950s (Kraly, 1984).
This includes the placement of feed next to the water and photosensitive behaviors of
drinking/eating bouts. Studying water requirements and the factors affecting water intake
could prove invaluable when improving sustainability of beef production (Arias and
Mader, 2011; Sexson et al., 2012; Menezes et al., 2018; Ahlberg et al., 2018; Ahlberg et
al., 2019; Pereira et al., 2020). Key to a sustainability plan will be the ability to identify
and select for water-efficient cattle and to update water requirements and the factors that
affect water intake (Arias and Mader, 2011; Sexson et al., 2012; Menezes et al., 2018;
Ahlberg et al., 2018; Ahlberg et al., 2019; Pereira et al., 2020). For example, the United
States continues to increase the amount of beef produced yearly, despite 30% fewer cattle
compared to the 1970s (USDA, 2020). Being able to improve feed efficiency in beef
cattle has been critical to this success. Similar improvements might be expected with
future research dedicated to studying water efficiency and factors effecting water
requirements in beef cattle.
THE IMPORTANCE OF WATER RESEARCH
Genetic Changes
Genetic variation contributes to phenotypic variation for everything from body size,
growth rate, and feed efficiency (Ceacero et al., 2016). The genotype and the
environment in which the organism grows will determine the phenotype. Therefore, the
genotype and environment likely determine water requirements and performance
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associated with water intake, assuming these traits are heritable. Unfortunately, little is
known about the genetic and environmental effects on water intake efficiency in beef
cattle (Menezes et al., 2018; Ahlberg et al., 2018; Ahlberg et al., 2019; Pereira et al.,
2020). Because some of the literature on environmental effects on water intake was
published more than 60 years ago (Winchester and Morris, 1956), this information may
be outdated. The data may not be as accurate when considering the genetics and
management of cattle today. Winchester and Morris (1956) utilized cattle that had a
smaller end weight and were not as productive compared to the standard of today. More
of the recent research focused on water intake in beef cattle were in the 1970s (e.g.,
Hoffman and Self, 1972). The cattle of the 1970s and 1980s were tall cattle that did not
possess as much body fill compared to the standards of today. These cattle possessed a
higher breed percentage of Continental cattle than those in the 1950s(Willham, 1982), as
taking advantage of larger cattle began to become a popular practice in the feedlot
industry. Cattle today are not as tall as the cattle of the 1970s, but considered much more
genetically diverse and are considered more feed efficient as well (USDA, 2020). These
cattle are approximately 77-86 kg heavier at finish compared to the 1970s, or about 14%
heavier (USDA, 2020). Additionally, modern cattle spend approximately 8 more days
within the feedlot; however, the average daily gain (ADG) of these cattle is
approximately 60% higher compared to the 1970s (USDA, 2020). The capability to
record many performance traits and the ability to select cattle based on these records has
led to improvements in these traits. Furthermore, technological advances have allowed
for phenotypes to be measured and genetic merit to be predicted for novel traits such as
water efficiency (Menezes et al., 2018; Ahlberg et al., 2018; Ahlberg et al., 2019; Pereira
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et al., 2020). The relationship between behavior and water intake can now more readily
and precisely be examined. For example, until recently water intake was measured across
an entire pen without explaining when and how often feed and water consumption
occurred (Winchester and Morris, 1956; Arias and Mader, 2011; Sexson et al.,
2012).However, there are now systems that are able to measure individual feed and water
consumption and record how often and when this consumption occurred (i.e., Insentec
RIC, Hokofarm, Marknesse, Netherlands). Despite these technological advances, much is
still not known about the genetic and environmental effects on water intake and
efficiency, especially over a large number of breeds (Menezes et al., 2018; Ahlberg et al.,
2018; Ahlberg et al., 2019; Pereira et al., 2020). Moving forward, research into water
efficiency may fundamentally improve in sustainability of beef production (Menezes et
al., 2018).
Properties of Water
It is important to understand the properties of water so that water physiology within the
animal, and the factors that affect water intake, may be understood to a greater extent. A
molecule of water is two hydrogens and one oxygen, a configuration that yields special
properties, such as hydrogen bonds with other water molecules (Quinton, 1979). Because
of the ability for water to form these bonds, water has the highest heat of vaporization,
heat of fusion, heat capacity, dielectric constant, electrical conductivity, and surface
tension of common liquids (Quinton, 1979). The high heat of vaporization allows animals
to transfer high amounts of heat away from the body and to the environment when
needed, while only losing small amounts of volume (Quinton, 1979). The high heat of
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fusion allows for animals to endure freezing temperatures due to the capability of water
to conserve extra heat before crystallization (Quinton, 1979). Due to these properties,
animals can maintain ideal body temperatures in most instances by quickly transferring
heat to the environment (Quinton, 1979). Water is considered the universal solvent
because of its dielectric (polar and nonionic) properties (Murphy, 1992). This property
allows for many important biochemical reactions to proceed within the body of the
animal. The high electrolytic activity of water allows for ion movement to happen
throughout the body (Quinton, 1979). The high surface tension allows for high capillary
uptake (Murphy, 1992). Lastly, the lower viscosity of water allows metabolites to be
transferred throughout the body (Quinton, 1979).
Physiology and Biology
Although water constitutes approximately 60% of body weight in most cases, this
percentage depends on the amount of lean tissue within an animal. In very lean cattle the
total body water (TBW) could be as high as 70%, whereas in fat cattle the TBW could be
as low as 40% (Reece and Rowe, 2017). Within the TBW of an animal, water distribution
within the body can be further classified (Reece and Rowe, 2017): extracellular fluid
(ECF), which accounts for 31-38% of TBW, and intracellular fluid (ICF), accounting for
62-69% of TBW (MacFarlane et al., 1956; Purohit et al., 1972; NRC, 2003). The ICF is
water (the solvent) and all the various solutes (e.g., inorganic ions proteins) which
comprise the solution. The ECF is blood plasma (25% of extracellular water) and
interstitial fluid (75% of extracellular water) (Reece and Rowe, 2017). The ECF also
includes transcellular water in the gut (NASEM, 2016). Macfarlane and Howard (1972)
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concluded that water volume in the ICF was tightly regulated through sodium osmolarity
by exchanging water with ECF. Sodium is regulated by various physiological regulators
such as hormones, the hepatic portal system, volume sensors, the heart, and the kidney,
all of which contribute to water homeostasis (Reece and Rowe, 2017). Water is integral
for homeostasis, which is when the nervous system of mammals maintains a certain level
of fluid within the body by being able to detect and mobilize physiological water stores,
and a thirst response (Cannon, 1932). It is now known that the nervous system works by
regulating osmotic and ionic balance by transporting water and solutes across the choroid
plexus in the brain (Strange, 1992). Furthermore, the lamina terminalis neurons detect
when the osmolarity changes within the brain and body of mammals (Bourque et al.,
1994). Although downstream reactions have not been elucidated, Gerald and Maickel
(1972) suggest that histamine is the signaling molecule released to activate H1 and H2
receptors, thus eliciting a thirst response by causing a cascading mechanism in the brain
to ultimately sense a change in osmolarity. Knigge et al. (1999) supports this hypothesis
by observing that H1 receptor binding stimulated neurons in the supraoptic nucleus and
paraventricular nerves of the hypothalamus causing the release of the antidiuretic
hormone, vasopressin. Furthermore, the release of vasopressin causes antidiuresis
(Tuomisto et al., 1979) and renal sympathetic activation (Sata et al., 2018). This
response, along with the function of the kidneys, will remove excess solutes and provide
restoration of osmolarity, or homeostasis.
It is also highly beneficial for the scientific community and for the animal
industries alike to understand dehydration and rehydration in various climates, but
especially in those that may contain limited water (Macfarlane, 1964; Macfarlane and
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Howard, 1972; Purohit et al., 1972; Shkolnik et al., 1975, 1980; Degen, 1977). Different
times of gestation (Cameron and Luick, 1972), periods of undernutrition (Morris et al.,
1962; McGregor, 2003), and lactation levels (Woodford et al., 1984; Odwongo et al.,
1985) will also contribute to shifts in body water between the ECF and ICF, and therefore
water requirements. Furthermore, ruminants may be better adept at resisting water
restriction and dehydration due to the massive pool of water located within the rumen
compared to most monogastrics (Burgos, 2001). As a result, it is more difficult to study
water restriction in ruminants. For example, a study performed by Ahl-Ramamneh et al.
(2012) observed no significant effect in water intake, feed intake, and water intake
relative to dry matter intake when water was withheld in sheep for 21 or 42 hours.
Although difficult, understanding shifts in body water not only affects physiology and
metabolization of water but can help explain water intake variation seen across studies.
Effects of water restriction have also been studied in cattle. Little et al. (1980)
split a herd of 40 lactating dairy cattle equally into two groups. These cattle were allowed
a period of 14 days of ad libitum water access and then the treatment group were
restricted to 50% voluntary water consumption for 4 days (Little et al., 1980) A reduction
in BW and milk yield of 14% and 74%, respectively, was observed for the treatment
group compared to the control during the 4-day period. Additionally, the concentration of
urea, sodium, total protein, and copper in serum, changes in the osmolarity of serum,
enzymatic activity, and packed cell volume increased (Little et al., 1980). Behavior was
also more aggressive around the waterer as water restricted animals spent more time
around the waterer and less time laying down compared to the control group (Little et al.,
1980). During an experiment performed by Burgos et al. (2001), 6 lactating Brown Swiss
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cows were provided ad libitum access to water for a period of 5 days. During these 5
days, feed and water intake, as well as milk yield was recorded to establish a baseline.
After the 5-day period, cows were provided 50% of baseline water intake for a period of
9 days. Plasma sodium and hematocrit levels decreased after the restriction period.
Furthermore, urea concentrations in milk and blood were higher in water restricted dairy
cattle comparatively to baseline numbers established before the experiment was
conducted. Water restriction had no effect on energy balance, most likely due to
decreased milk production and more efficient energy use (Burgos et al., 2005).
Ultimately, the changes in physiological needs (e.g., decreased milk production) enabled
cattle to reach a new equilibrium for water requirements at 50% water restriction (Burgos
et al., 2001). This study was able to show the importance of water intake on production
levels in dairy cattle; however, when water consumption was limited in dairy cattle, milk
production was decreased to compensate for lower water availability. Thus, cattle can
adapt to decreased water consumption to meet equilibrium and maintain homeostasis,
although at a cost of decreased milk yields (Burgos et al., 2005). On average, the water
turnover rate for nonlactating dairy cattle is 29 L/day and for the lactating cow was 56
L/day (Reece and Rowe, 2017). There are no current studies that suggest that the water
turnover rates are the same in beef cattle, however, it can be assumed that, on average,
non-lacting beef cows will have lower turnover rates compared to lactating beef cows.
The water turnover rate is the amount of water needed to replace what is lost each day;
the water pool remains the same, but the water in the pool changes. However, the water
turnover rate is not a constant value; many factors impact water turnover value such as
lactation, exercise, and amount of urination. Water turnover is important for excreting
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excess solutes and toxins as well as to dissipate heat (Reece and Rowe, 2017). Thus,
sufficient amounts of water are required by animals to perform optimally.
Determining Water Requirements
The minimum water requirement is equal to that needed for homeostasis, growth,
fetal growth, reproduction, and lactation; as well as the water lost to the environment
through urine, feces, sweat, and evaporation from the lungs and skin (NASEM, 2016).
Although unrestricted water intake is preferable when managing animals (NASEM,
2016), it is also beneficial to understand water requirements in areas that may contain
limited freshwater supplies suitable for consumption. Most of the water cattle consume
will either come from diet water or free water from the environment, which includes any
water sources available to the animal. Metabolic water from the oxidation of metabolites
also contributes minimally to body water (NASEM, 2016), although metabolic water
production is not large enough to meet requirements. The equation utilized by the
NASEM (2016) to predict water intake, developed by Winchester and Morris (1956) is:
!" = 7.3 + 0.0805 , -.! − 0.00008 , -.! ! − 1.225 , 234"
+ 0.0411 , 234" ! + 0.0023268 , -.! , 234"
where WI equals water intake in (L/day); SBW equals shrunk body weight (kg); and
CETI equals the mean ambient temperature (°C).
Hicks et al. (1988) predicted that
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!"(9/;) = −6.0716 + (0.70866 , 4="#$ )
+ (2.432 , >?") – (3.87 , AA) – (4.431 B >-)
where TAMax equals maximum ambient temperature (°C); DMI equals dry matter intake
(kg/d); PP equals daily precipitation (cm); DS equals dietary salt (%), and all other terms
as previously defined
The NASEM (2016) also lists an updated equation developed by Arias and Mader (2011),
>!" = −7.31 + 1.00 >?" + 0.04 -C + 0.30 4D"
SR equals solar radiation (Watts/m2); THI is temperature heat index (°C); and all other
terms as previously defined.
Additionally, other effects on daily water intake have been identified (Sexson et al., 2012;
Menezes et al., 2018, Ahlberg et al., 2018; Ahlberg et al., 2019; Pereira et al., 2020),
which are discussed below briefly and in-depth in the respective later sections.
Many influential environmental and biological factors need to be considered when
determining minimum water requirements. Biological factors include the stage of
lactation, degree of activity, amount of body fat, stage of gestation, rate of gain, body
weight, genetics, and level of feed intake (NASEM, 2016). Furthermore, water quality
may become important in areas with limited freshwater (NASEM, 2016). Restricting
water intake may restrict feed intake (Utley et al., 1970) resulting in less water being
consumed through diet water. Water restriction also increased nitrogen retention (Utley et
al., 1970. For example, the antidiuretic hormone, vasopressin, determines how much
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water will be lost in the urine (Tuomisto et al., 1979, Sata et al., 2018). Dicker and Nunn
(1957) argued that genetics affects amount of water lost in urine, pointing out the ability
for desert rats to survive with minimal water. Other environmental factors affecting water
intake include temperature, solar radiation (SRAD), humidity, and windspeed (WSPD)
(Arias and Mader, 2011; Sexson et al., 2012; Ahlberg et al., 2018). Determining the most
robust predictors of water intake will be important for predicting water needs in beef
cattle in drought-prone areas. However, determining the right predictors, while ensuring
the predictive equation is user friendly is difficult (Arias and Mader, 2011). The genetic
component can also be an important determinant of water intake in beef cattle and
warrants further research (Menezes et al., 2018; Ahlberg et al., 2018; Ahlberg et al.,
2019; Pereira et al., 2020). Although many attempts to accurately predict water intake
have been made, vast number of effects that ultimately affect intake make predictions
difficult. Further, some effects may be more important than others. The factors affecting
water intake, according to current scientific knowledge, are discussed further below.
FACTORS AFFECTING WATER INTAKE
Water Quality
An important aspect to be considered when evaluating intake levels of cattle is water
quality. Water is considered the universal solvent and ultimately will dissolve many
solutes, some of which are harmful to bovine health. The NASEM (2016) lists five
factors to be concerned with when considering water quality. These factors include
organoleptic properties (odor and taste), physicochemical properties (pH, total dissolved
solids, total dissolved oxygen, and hardness), presence of toxic compounds (heavy
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metals, toxic minerals, organophosphates, and hydrocarbons), presence of excess
minerals (sodium, sulfur, nitrates, and iron), and presence of bacteria.
High mineral content in water can cause decreased water intake, a decrease in the health
of the animal, and even death. The two minerals of most concern are sulfur (Longeragan
et al., 2001) and sodium chloride (Ray, 1986). Sulfur is essential in many biological
functions, such as the synthesis of cysteine and methionine (Block and Boiling, 1945).
For this reason, sulfur is essential for microbial protein synthesis within ruminants.
Decreased microbial protein synthesis will cause a decrease in microbial numbers,
decreased digestibility, and ultimately a decrease of overall productivity (Rumsey, 1978).
Sulfur is an essential mineral for metabolic functions, especially for microbial protein
synthesis because several amino acids contain sulfur (Longeragan et al., 2001). Sulfur is
also essential for thiamin, biotin, and collagen production. Because of these roles, sulfur
levels in the diet impact many important performance traits within beef cattle
(Longeragan et al., 2001). Appropriate levels are important, however, in order to prevent
toxicity problems. For example, if intake levels are too high, cattle produce toxic levels
of hydrogen sulfide gas due to the dissimilatory pathways of bacteria such as
desulfovibrio (Jefftey et al., 1994). If the intake remains high, eventually hydrogen
sulfide gas affects the brain causing polioencephalomalacia, and eventual death (Jeffrey
et al., 1994). Although proper diet formulation prevents consumption of excess sulfur
levels in the feed, sulfur levels in water also need to be evaluated. These levels are often
variable depending on the region and where the water source comes from (rural, city,
pond, lake, or river water sources). The NASEM (2016) suggests levels of less than 500
mg/L for calves and 1000 mg/L for adult bovine species. The sensitivity to the form of

13
sulfur is also important. Iron sulfate often depresses water intake more than other forms
of sulfur (Horvath, 1985). However, hydrogen sulfide gas buildup remains the most
important consideration for bovine health with regard to sulfur intake.
Sodium in the animal serves as a key component of many biological functions.
Furthermore, salinity in water often deters animals from consuming water and decreases
performance, particularly weight gain (Ray, 1986). Average daily gain, feed efficiency,
intake, morbidity, and mortality remained unchanged when increasing sodium chloride
levels of up to 0.25 percent in water (Flatt et al., 2003). However, an increase in sodium
chloride decreased hot carcass weight and dressing percent, and the reverse occurred
when sodium chloride percent was decreased (Flatt et al., 2003). Other solutes besides
sodium such as bicarbonate, sulfur, calcium, and silica are all involved in determining
total soluble salts (TSS), and therefore salinity in the water (NASEM, 2016). While Flatt
et al. (2003) found minimal effects on performance when increasing sodium chloride, the
study was limited to only observing these effects in sodium. A full list of
recommendations is listed in the NASEM (2016); however, TSS below 1000 mg/L is
considered safe without causing morbidity in animals not accustomed to salinity.
Hardness is also an important component to consider, mainly when water must pass
through water lines. Typically, hardness has little effect on the health or water
consumption of cattle; however, hardness of the water is associated with salinity.
Water is deemed safe to drink if the pH falls between 6.5 and 8.5 for mammals
(EPA, 1997). Other contaminants may warrant testing and should follow the general
guidelines listed in the NASEM (2016). A fecal coliform test may be warranted to
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determine if coliform bacteria are present; the relationship between coliform
concentration and water intake, morbidity, or mortality has not been established.
Feed Effects
Water restriction affected on feed intake in many species (French, 1956; Bianca, 1965;
Engell, 1988). When fluid water was restricted in humans at 40% ad libitum, the subjects
reduced the amount of food consumed during the meals (Engell, 1988). However, meal
acceptability was not significantly affected (Engell, 1988). Relative to monogastrics,
ruminants have a significantly larger pool of water than humans because of the size of the
rumen and thus results may differ compared to monogastrics. Salvia is important for
ruminants to digest and swallow feed and salvia production affects how much feed is
ultimately consumed by the animal (Nagaraja, 2016). Boluses, after being swallowed,
could be up to 5-parts water to 1-part feed, and 1-part water to 1-part feed in a greener,
much wetter, diet (Balch, 1958). Thus, moisture content of the diet was associated with
water consumption. Saliva composition and the amount of salvia produced are directly
affected by the pool of water available to the organism (de Almeida et al., 2008). The
larger the pool of water, the more saliva that is produced, and the more feed an organism
can consume. Consumption of dry matter decreases as water intake decreases in beef
cattle (French, 1956). In the study, the groups were either allowed to drink once every 48
hours or once every 72 hours. In both groups crude fiber digestibility was increased;
however, a statistically significant difference in the digestibility of dry matter, organic
matter, crude protein, ether extract, or nitrogen-free extract was not observed (French,
1956). When the cattle were watered once every 72 hours, crude protein was reduced
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because the animals would have needed extra mucus to lubricate drier excreta (French,
1956). In dairy cattle, a reduction in 40% of the normal water intake was associated with
a decrease in 16% dry matter intake (Little et al., 1976) When cattle were reduced to 50%
of normal water intake, daily feed intake was reduced strictly due to a reduction in meal
size rather than meal frequency; intake during the first meal of the day was reduced more
than 50% (Burgos et al., 2001). Senn et al. (1996) also found that feed intake and first
meal size were reduced in cattle that were water-deprived for 48 hours and that live
weight was reduced by 12%. The cattle did not increase feed intake during the
rehydration period (Senn et al., 1996). However, rats increased feed intake during the
rehydration period (Adolph, 1947). Because of the large water pool within the rumen,
cattle can buffer osmotic changes in the rumen when water is not readily available or
restricted (Burgos et al., 2001), especially compared to monogastrics (Kraly, 1984).
Ruminants may also decrease resting metabolic rate to compensate when dehydrated
(Brosh et al., 1986).
Thus far, only the effects of water on feed intake have been discussed; however,
for most mammals, timing of liquid water consumption is also important. For example,
most mammals consume water around mealtime (Cizek and Nocenti, 1965; Fitzsimons
and LeMagnen, 1969; Hirsch, 1973; Robinson and Adolph, 1943). Approximately 7090% of rat’s fluid water intake occurred within 10 minutes preceding a meal and 30
minutes after a meal when water and feed were provided ad libitum (Fitzsimons and
LeMagnen, 1969). Food-related drinking behavior was more than a physiological
response; rats continued to drink at mealtime despite being injected intragastric and
intravenously with water sufficient enough to prevent a thirst response (Fitzsimons,
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1957). Some water intake may occur without a homeostatic imbalance; behavioral
aspects may determine residual water intake (Kraly, 1984). Oatley (1971) explains that
this behavior might be explained by how drinking rhythm parallels that of light
availability for the consumption of food. Although feed intake and the amount of water
within feed ultimately impacts when and how much water is consumed, Kraly (1984)
maintains that water intake might be just as much a behavioral response as it is a
homeostatic response when sufficient water is available to the animal.
The effects of diet composition on water homeostasis must also be discussed to
understand the amount of total water required by the animal. Diets with higher moisture
content will lead to a greater pool of water within the organism, leading to less need for
liquid water consumption (Fitzsimons and LeMagnen, 1969). In contrast, more liquid
water needs to be consumed with diets that contain less moisture content (Fitzsimons and
Lemagnen, 1969). Water availability will affect how much dry matter is consumed due to
the organism’s need for water to metabolize feed (Fitzsimon and Lemagnen, 1969).
However, the relationship between diet composition and water intake extends further than
just moisture content of the diet. Both mechanical (e.g., dryness) and chemical (e.g.,
spiciness) factors will induce thirst responses (Wolf, 1958). The mouth is the first place
in which feed enters the lumen, eliciting an orosensory response leading to thirst (Kraly,
1984). A somatosensory and gustatory effect of feed may also cause the desire for water
consumption in mammals (Jacquin and Zigler, 1983). Why this occurs outside of a
physiological need has not been elucidated (Kraly, 1984). Both insulin and histamine
play an important role in the thirst response. The hypothesis is that food will stimulate the
pregastric segment of the gastrointestinal tract and stimulate the release of insulin. Once
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the insulin is released by beta cells within the pancreas, insulin indirectly stimulates the
release of histamine by causing the movement of mucosal histamine (Kraly, 1984).
Ultimately, insulin release leads to a physiological thirst response by activating the
paraventricular nucleus.
Environmental Factors
The animal’s environment also affects water intake. Numerous experiments have
supported this conclusion in beef cattle (Winchester and Morris, 1956; Hoffman and Self,
1972; Arias and Mader, 2011; Sexson et al., 2012; Menezes et al., 2018, Ahlberg et al.,
2018; Ahlberg et al., 2019; Pereira et al., 2020). Each study utilized different factors to
predict weather effects on water intake in beef cattle. Winchester and Morris (1956) used
surface regression of tabular data to determine the current effective temperature index
(CETI) and its relationship to water intake (Winchester and Morris, 1956). Essentially,
Winchester and Morris (1956) determined that ambient temperature was the most
effective environmental predictor for water intake. Beede and Collier (1986) also
determined that during the summer, liquid daily water intake (LDWI) was mainly
attributed to reducing thermal load within the animal, thus maximum temperature was an
accurate predictor. In contrast, Ahlberg et al. (2018) utilized average temperature
(TAAvg), similar to the CETI, as well as average relative humidity (RHAvg), solar radiation
(SRAD), and wind speed (WSPD) to explain 34% of variation in LDWI. Sexson et al.
(2012) utilized 14 different variables in the study to explain LDWI in which 32% of the
variation was explained. Sexson et al. (2012) also determined that current daily maximum
temperature, previous daily maximum temperature, and the quadratic effect of
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temperature were all useful parameters in determining water intake in beef cattle.
However, the previous daily maximum temperature had less of an effect than the current
daily maximum temperature, especially during the summer (Sexson et al., 2012). This
result was anticipated because cattle can dissipate heat during the night. Sexson et al.
(2012) also determined that high and average sea pressure had minimal impact on water
intake (partial R2 = 0.056; 0.01 respectively). The reason barometric pressure effects
were included is that IOM (2005) determined that an increase in barometric pressure can
reduce water evaporation within the lungs of organisms. Arias and Mader (2011)
included 5 environmental effects in their winter model, including SRAD, maximum
temperature, WSPD, RHAvg, and precipitation; with 65% of variation in water intake
explained by these parameters. Furthermore, maximum temperature WSPD, RHAvg, and
precipitation explaining the most variation within the model.
According to Lanham et al. (1986), domestic animals alter water intake due to
water temperature. In equine species, water intake increased by an average of 40% when
water was 19 ºC than when water was 0-1 ºC (Kristula and McDonnell, 1994). Nonlactating dairy cattle consumed 6.4 kg more water when the temperature of the water was
34 ºC, compared to when the water was 1.1 ºC (Cunningham et al., 1964). The 1.1 ºC
water also lowered the temperature of the lower, middle, and upper rumen (Cunningham
et al., 1964). Water temperature did not have a significant impact on the digestibility of
dry matter (DM), digestible energy (DE), or crude protein (CP) digestibility
(Cunningham et al., 1964). Hungate (1966) suggested that lowered rumen temperature
alters rumen fermentation by decreasing microbial activity and thereby affecting forage
digestion. Roger et al. (1990) observed that the optimal temperature for microbial
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attachments to fibrous substrates was 38 ºC, which is approximately the biological
temperature of bovine species (39 ºC). Furthermore, a change in temperature will cause a
decrease in microbial attachment to feed particles (Roger et al., 1990). Consequently,
water temperature fluctuations may alter the microbial population and affect digestibility
within the rumen (Roger et al., 1990). Despite these observations, Degen and Young,
(1990) observed that in Alberta, Canada, pregnant cows survived mostly on snow as a
water resource with negligible effects on body mass, water influx, calf body weight at
birth, or calculated energy requirements. Petersen et al. (2016) made a general
observation in which cattle on colder days in December tended to congregate around the
heated waterers, leading to speculation that cattle may have replaced calories from dry
matter consumption to maintain body heat by the thermal heat of the water. Although
environmental effects are clearly an important determinant of water intake, the effect of
genetics are less clear.
Water Efficiency
Feed efficiency is a measure of production in the beef cattle industry (Kenny et al., 2018)
and has been studied extensively. More specifically, feed efficiency is a measure of
sustainability in that more feed efficient cattle require less feed to convert feed into
tissue. Despite the attention feed efficiency has garnered in beef cattle research, water
efficiency has attracted limited attention. Competition for freshwater resources is
increasing due to the human population increasing, as the human population is set to
expand to 9.8 billion by 2050 (U.N., 2017). It is beneficial for the livestock industry to
research water efficiency. Unfortunately, water efficiency is much harder to measure as
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the large majority of researchers and producers provide ad libitum intake without
capability to measure disappearance. Fortunately, with the improvement of technology,
water intake in livestock has been much easier to measure more readily. Ahlberg et al.
(2018) was one of the first studies to estimate water efficiency utilizing an automated
waterer (Insentec system, Hokofarm Group, Marknesse, Netherlands) to estimate RWI
and the water to gain ratio (W:G). The RWI is determined by the actual water intake of
the animal minus the predicted water intake (Ahlberg et al., 2018). The W:G is the
established ratio of units of water by the animal needed per unit of gain (Ahlberg et al.,
2018). Similarly, Menezes et al. (2018) utilized an automated system (Intergado, Ltd.) to
estimate much of the same water efficiency measures. The cattle utilized in this study
was Senepol, a breed that is known to be a more heat-tolerant breed of cattle
comparatively to other Bos taurus breeds (Davis et al., 2016).
According to Ahlberg et al. (2018), RWI and W:G also appear to have some
correlation (r = 0.221; P < 0.001). Water intake was highly correlated with RWI (r =
0.602), W:G (r = 0.711), and moderately correlated F:G (r = 0.383), all being statistically
significant (P < 0.001; Ahlberg et al., 2018). This suggests it may be possible to select
for water efficient calves by selecting for feed efficiency (Ahlberg et al., 2018). Menezes
et al. (2018) predicted that RWI and residual feed intake (RFI) were genetically and
phenotypically correlated, in which RWI and RFI had a correlation of 0.75 + 0.41
genetically and 0.57 + 0.03 phenotypically (P < 0.050). Although it should be noted that
the correlation genetically has a high standard deviation, this may further suggest that
selecting for more feed-efficient cattle might be a useful tool for selecting more water-
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efficient cattle (Menezes et al., 2018). It was also observed that RWI was moderately
heritable (h2= 0.39) and RFI was slightly heritable (h2 = 0.12).
As mentioned above, the competitiveness for freshwater resources for use by the
agriculture industry may continue to increase with an expanding population.
Unfortunately, in a production setting, it may not be practical for producers to measure
water efficiency in their herds. However, the above results suggests that it may be
possible to select for water efficiency by selecting for feed efficient cattle. Further
research must be conducted to estimate if these efficiency measures are correlated among
different breeds.
CONCLUSION OF LITERATURE REVIEW
Water sustainability could prove invaluable in the future given limited water
resources. Freshwater constitutes only 2.5% of all water sources (Thornton et al., 2009).
With an increasing population (U.N., 2017) and climate instability in many areas (IPCC,
2014), water sources are often stressed. Despite the importance of water intake for
productivity in beef cattle, insufficient research has been completed on water efficiency
records in beef cattle and the factors that impact water intake (Arias and Mader, 2011;
Sexson et al., 2012; Menezes et al., 2018; Ahlberg et al., 2018; Ahlberg et al., 2019;
Pereira et al., 2020). Among these factors that impact water intake are water quality, feed,
environmental factors, genetics, and physiological factors, such as body size and
performance needs. Water quality might not be an immediate concern; however, quality
may become a more important issue with increased climate variability, especially in
drought-prone areas where freshwater cannot dilute contaminated water. Water quality is
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determined by organoleptic properties, physiochemical properties, presence of toxic
compounds, presence of excess minerals, and presence of bacteria (NASEM, 2016).
Water intake was positively correlated with feed intake and behavior (Kraly, 1984). The
physiological size of water pools, especially in ruminants affects this relationship (Kraly,
1984). Mammals may also subconsciously drink water during feeding bouts, despite
physiological needs for water being met before the feeding bout (Kraly, 1984).
Environmental effects on water intake are less understood as studies disagreed on the
specific parameters that best predict water intake in beef cattle (Winchester and Morris,
1956; Hoffman and Self, 1972; Arias and Mader, 2011; Sexson et al., 2012; Menezes et
al., 2018, Ahlberg et al., 2018; Pereira et al., 2020). Due to the variability in climates and
ultimately weather, replication and proper blocking of experiments, investigating the
effects of weather may be hard to achieve, leaving a gap in identifying the most
significant weather parameters that effect water intake. Lastly, it may be possible to
select for water efficiency by selecting for feed efficient calves.
Future studies should be focused around explaining behavior related water intake,
as well as the best parameters to predict water intake in different regions of the United
States. For example, to the best of our knowledge, there are no studies that investigated
weather effects on water intake during extended periods of cold stress. It is possible that
prediction equations developed in climates that experience longer periods of heat stress
may overpredict water intake in calves raised in climates that may not experience heat
stress as frequently or as severely. In identifying these parameters associated with
different regions of the United States and behavior related aspects, it should be possible
to better understand efficiency measures in beef cattle. Once efficiency measures can be
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established and normalized across different breeds it then will be possible for the industry
to move towards selecting for water efficient calves. The sustainability plan concerning
water usage by the beef cattle industry would benefit greatly from these research areas.
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CHAPTER II: THE EFFECTS OF WEATHER, BODY WEIGHT, AND FEED INTAKE
ON TOTAL AND LIQUID WATER INTAKE IN BEEF CATTLE
ABSTRACT
Water is an essential nutrient and drives livestock production. However, in the
future the increase in human population and usage of agriculture land for urban
development may reduce the water sources available for livestock usage. Furthermore,
there are limited recent studies that have predicted water requirements for beef calves and
assessed environmental effects on water intake in beef cattle, especially in the upper
Midwest. The objective of Experiment 1 and 2 was to assess the effects of predicted daily
bodyweight (BW), dry matter intake (DMI), and weather on individual animal total daily
water intake (TDWI) and liquid daily water intake (LDWI) across winter and summer
months in South Dakota. Experiment 1 was conducted from December 2019 to June 2020
(181 days) on 27 Angus steers (n = 27), and Experiment 2 occurred from August 2020 to
November 2020 (96 days) on 25 crossbred Bos taurus steers (n = 25). Individual feed
intake and water intake were collected using the Insentec RIC system (Hokofarm,
Marknesse, Netherlands) automated feeding and watering system. Individual weights
were obtained every 28 days and individual BW were estimated for each day of the trial
from actual weights. Weather data were collected through the South Dakota Mesonet’s
Brookings location. The effects of windchill, solar radiation (SRAD), and maximum
relative humidity (RHMax) were assessed for the winter months, and the effects of
maximum ambient temperature (TAMax), SRAD, and windspeed (WSPD) were assessed
for summer months. A linear mixed effects model with both random intercept and slope
estimated for each animal were used to account for within subject correlations; BW and
DMI included in the model as covariates. During the winter, effects of DMI, BW, SRAD,
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and windchill were positively associated with TDWI and LDWI(P < 0.001) andRHMax
was negatively associated with TDWI and LDWI (P < 0.001). In the summer, effects of
DMI, BW, SRAD, and TAMax were positively associated with TDWI and LDWI (P <
0.001), whereas WSPD was negatively associated with TDWI and LDWI (P < 0.001). In
Exp. 1 the R2 observed for the models for predicting TDWI and LDWI were 0.657 and
0.730, respectively. In Exp. 2 the R2 for the models predicting TDWI and LDWI were
0.686 and 0.670, respectively. When comparing previously developed models to the
current study on a dataset independent from this study, this study provided the lowest
average residual amongst studies (3.20 L/day) and the second highest goodness of fit (R2
= 0.8096). Based on the R2 observed in each model developed, DMI, BW, SRAD,
windchill, RHMax are useful for predicting TDWI and LDWI in winter months in the
Upper Midwest. Furthermore, DMI, BW, SRAD, TAMax, and WSPD are useful for
predicting TDWI and LDWI in summer months in the Upper Midwest.
Key words: water, body weight, weather, total water intake, liquid water intake
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INTRODUCTION
Water is important for regulating temperature, nutrient hydrolysis, cellular
metabolism, excretion of wastes, mineral homeostasis, lubrication of the joints,
cushioning of the nervous system, and eyesight (NASEM, 2016). Water is needed for
animals to maintain homeostasis, grow, reproduce, and lactate (NASEM, 2016). Despite
the importance of water, nutrition research has largely focused on protein, carbohydrates,
fatty acids, minerals, and vitamins, and to a much lesser degree around water. Studies in
the 20th century, such as Winchester and Morris (1956), focused on water intake in
smaller framed calves at varying bodyweight (BW) and at temperatures around the
thermal neutral zone (0-25°C). More recent studies of water intake in beef cattle have
been modeled in areas where heat stress may be a concern for extended periods (Arias
and Mader, 2011; Sexson et al., 2012; Ahlberg et al., 2018). Focusing water intake
studies in these areas makes sense because major feedlots in North America are located
largely in warmer climates. Prior studies have been able to establish many important
weather variables that impact water intake, leading to subsequent models that are useful
in predicting water intake in beef cattle (Arias and Mader, 2011; Sexson et al., 2012;
Ahlberg et al., 2018). However, due to these models being developed in areas that
experience prolonged periods of heat stress, these models may overpredict water intake in
areas with climates where prolonged periods of heat stress are rarer, such as the Upper
Midwest. Furthermore, water temperature has been associated with water intake in dogs,
horses, rats, and cattle (Cunningham et al., 1964; Lanham et al., 1986; Kristula and
McDonnell, 1994; Petersen et al., 2016), suggesting colder temperatures may affect water
intake by lowering the water temperature. Being able to quantify ad libitum water intake
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in different environments for the beef cattle industry will improve the management and
sustainability of water resources in the future.
The Upper Midwest (consisting of Wisconsin, Minnesota, South Dakota, and
North Dakota) feeds approximately 11.3% of the United States beef cattle (USDA, 2021).
The climate of the Upper Midwest presents a different winter environment than the
Southern Great Plains, such as extended periods of low temperatures coupled with snow,
ice, and high windspeed (WSPD), leading to extended periods of cold stress that occur
between late fall and early spring. This climate presents a different scenario compared to
prior studies for measuring weather related effects ranging from extreme cold in winter
months to milder temperatures in the spring and summer on finishing beef cattle. Our
objective was to estimate the relationship between BW, dry matter intake (DMI), and the
seasonal weather effects on total daily water intake (TDWI) and liquid daily water intake
(LDWI) on individual beef calves in winter (December 2019 to June 2020) and summer
(August 2020 to November 2020) months in the continental climate experienced in
Eastern South Dakota.
MATERIALS AND METHODS
Use of Animal Subjects
All animal and handling procedures followed strictly to the guidelines approved
by the South Dakota State University Institutional Animal Care and Use Committee
(IACUC) (Approval number:19-009E).
Project Description and Processing
The objectives of Experiment 1 and 2 were to estimate the effects of weather,
DMI, and BW on individual animal’s TDWI and LDWI in winter and summer months.
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An automated intake measuring system (Insentec RIC, Hokofarm, Marknesse,
Netherlands) allowed for individual animal’s water and feed intake to be recorded daily.
Experiment 1 took place from December 11, 2019 to June 8, 2020. Experiment 2 took
place from August 14, 2020 to November 18, 2020. Once a model was developed for
Exp. 1, the predictive equation for this model was validated using an independent dataset.
This independent dataset was from a group of Angus and Simmental-Angus crosses that
were fed at the same time and utilizing the same automated feeding and watering system
as the calves from Exp. 1. However, a different diet was fed to these bulls utilizing ad
libitum management strategy compared to the slick bunk management system utilized in
Exp. 1. An independent dataset was not available for Exp. 2 for model validation, as there
were no animals being fed in the automated feeding and watering system that were
independent from the study.
In Exp. 1, winter weaned calves (>75% Angus; n=26; initial BW = 273 + 21.3 kg)
were obtained from South Dakota State University Cottonwood Field Station near Phillip,
South Dakota. Calves were transported approximately 509 km (4.5 hours) to the CowCalf Education Research Facility (CCERF), South Dakota State University, Brookings,
SD. In Exp. 2, yearling calves (n=26; 421 + 16.2 kg initial BW) that were fed a low
energy after weaning before being sold to market were obtained from Sioux Falls
Regional Livestock, Worthing, South Dakota. Genetic background of the calves was not
known; however, calves were visually assessed to be Bos taurus. Calves were transported
approximately 114 km (1.5 hours) to the CCERF, South Dakota State University,
Brookings. Upon arrival, calves in both experiments were allowed to rest for
approximately 15 hours until the subsequent day. Calves were provided with ad libitum
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grass hay in a portable feed bunk along the center of the pen and water in a heated
Ritchie® CattleMaster 480 (Ritchie Industries, Conrad, IA) in order to familiarize the
calves with the pen.
The following day, calves were processed in which individual bodyweights were
obtained using a hanging Silencer (Moly Manufacturing, LLC, Lorraine, KS) hute
equipped with a TruTest XR5000 (readability: 0.91 kg; Tru-Test, Inc., Mineral Wells,
TX). Visual observations were made to assess if calves required any health treatment. All
calves were shipped with a unique identification tag for visual identification prior to
arrival; however, calves were also tagged with a unique electronic identification
transponder (Allflex, Dallas, TX) upon processing. All calves were treated with a pouron insecticide (Clean-Up II, Bayer Animal Health, Shawnee, KS). Calves in Exp. 2 were
provided a dose of Inforce 3 (Zoetis, Parsippany, NJ) to prevent Infectious Bovine
Rhinotracheitis, Parainfluenza 3, Bovine Respiratory and Syncytial Virus, as well as One
Shot BVD (Zoetis, Parsippany, NJ) for the prevention of bovine respiratory disease
viruses Types 1 and 2 and bovine pneumonia caused by Mannheimia haemolytica Type
A1. Calves in Exp. 1 and 2 were weighed again individually the next day and weights
were averaged for the initial weights. On the second day post arrival, calves in Exp. 2
were implanted with Synovex Plus (200 mg trenbolone acetate and 28 mg of estradiol
benzoate; Zoetis, Parsippany, NJ).
All calves were allowed a 30-day adaption period to the automated feeding and
watering (Insentec RIC, Hokofarm, Marknesse, Netherlands). This adaption period is
essential for naïve calves to adapt and learn how to obtain feed and water from the
Insentec system. This system requires that calves adapt to the partially enclosed feed
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bunk and the pneumatic sound of the air cylinder that moves the system’s gates. More
importantly, the calves must learn that approaching the feed gate in a certain manner
allowed access to the feed bunk. After the 30-day adaption period, calves in Exp. 1 were
implanted with Revelor XS (200 mg trenbolone acetate and 40 mg of estradiol benzoate;
Merck Animal Health, Kenilworth, NJ).
For the duration of both experiments, weights were obtained every 28 days.
Weights obtained allowed for average daily gain (ADG) to be calculated and
subsequently allowed for daily weights to be predicted for the duration of the study. The
ADG (1) and predicted BW (2) were calculated by:
!"# =

( B(! - B(! !" )
28

-./0123/0 4( = 4(! + (!"# × "789)

(1)
(2)

where, BWt = the weight of an individual animal at the end of the 28-day period; BWt -1 =
the weight of an individual animal at the beginning of the 28-day period; and Days= the
number of days from the initial start of the 28-day period.
Insentec System and Feeding Facility
Calves were housed in a single pen (1-m wide, 0.75-m high, and 0.84-m deep)
containing 12 individual Insentec RIC feed bunks and 2 individual waterers developed
by Hokofarm, Marknesse, Netherlands. Each waterer and feeder contained load cells that
were able to provide the weight of material in the water or feeder. Early in each feeding
period, each feeder was fitted with artificial plastic bottoms (adding 0.152-m height to the
bottom of the bunk) to make feed easier to reach if calves were still growing. Calves in
the winter studyrequired these bottoms during the adaption period in order to reach all of
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the feed. Once the calves could easily reach the feed, artificial bottoms were removed.
The watering system contained cement steps at the base of the system that allowed
smaller calves to reach water without struggling. Maximum heights of the gates to both
the feed and water system were manually altered throughout the feeding periods,
ensuring taller cattle could not reach over the gate to eat or drink.
In order for calves to be provided access to the feeding and watering bunks, each
animal must first be provided with a unique electronic identification transponder for the
computing system controlling the feeders and waterers. Each individual animal must be
placed within the Insentec system and granted access to the feed and watering system.
Once the animal approaches the feed gate, the electronic identification reader will grant
access to the feeder or waterer; then once the animal breaks a light beam, the bunk gate
will drop and allow them to eat or drink. As the gate drops, an individual start weight of
the feed or water bunk and the date and time are recorded. The gate will remain open as
long as the photocell beam, located on the side of the access point, is blocked from
reflecting off of the reflector by the calf. Once the calf leaves the feed or water bunk, the
photocell beam is allowed to be reflected back to the photocell and the gate will shut.
After the gate shuts an end weight of the feed or water bunk and the date and time are
recorded.
The difference between start and end time and weight was calculated to measure
disappearance of feed or water, as well as the duration of the bunk visit. It is assumed that
disappearance of feed and water was the result of intake by the animal. However, it is
highly likely that a portion of the feed and water disappeared by other means. It is
possible for the animal to push feed or water out of the bunk onto the ground.
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Additionally, if a strong gust of wind or bird was to land on the bunk while the calf was
granted access, the difference between start and end weights may not accurately reflect
intake. Chapinal et al. (2007) were able to validate the Insentec system using dairy cows,
in which it was determined that the system showed high specificity (100%) and high
sensitivity (100 and 99.8%) for feed and water disappearance respectively. Additionally,
feed and water disappearance was highly correlated (R2 ≥ 0.99 in all cases) with feed and
water intake, respectively, as measured by visual observations (Chapinal et al., 2007).
The difference between manually weighing versus electronically weighing feed
disappearance differed by less than 1 kg over a 24-hour period (29.9 ± 0.90 kg and 29.2 ±
0.90 kg respectively; Chapinal et al., 2007). This difference was largely attributed to
changes in moisture content of the feed over a 24-hour period (Chapinal et al., 2007).
Each waterer has a capacity of 35- 40 kg (liters) of water and are located on a load
cell, similar to the automated feeders. Once the waterers are approached by the animal
and the system reads the unique electronic identification tag, the gate will drop and the
electronic valve will shut, ensuring water is not refilled while the animal is drinking.
Once the animal has left the water bunk, the gate closes, and the waterer refills to the
original set point after final weight is recorded by the system. Water was sourced from
the Brookings City Municipal water supply; thus, variation in water weight across time
was assumed to be negligible. Dissolved solutes in municipal water must be within ppm
ranges in order to adhere to Environmental Protection Agency (EPA) standards to ensure
safe drinking water (EPA, 2021). However, to ensure integrity of data, water was
weighed weekly to check that 1 gram of water correlated to 1 ml of water. Two waterers
were available in the pen in which the calves were housed, allowing adequate water space
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for the calves. It also ensured that if a water valve froze, data could still be obtained using
one waterer. If both failed or froze, it was possible to switch to the RitchieÒ waterer to
ensure that calves could continue to drink water in compliance with IUCAC standards.
Both the pipes running to the waterer and the waterer were heated in the winter study to
ensure that the water did not freeze in extreme cold; however, water temperature was not
recorded. On days that waterers malfunctioned, or the system did not record intake for a
specific calf, the data on that day for that calf was listed as not applicable.
Both the waterers and the feed bunks were under a monoslope barn with a cement
apron (12.19 x 17.68 m) and open to the south providing adequate protection from the
wind, precipitation, and solar radiation if desired by the animal. The monoslope barn was
open to a dry lot (76.2 x 17.68 m) that allowed cattle adequate space to bed outside of the
feeding area. The cement apron was scraped free of manure approximately every seven
days for sanitation reasons and to prevent calves from slipping on slick surfaces. The
north side of the monoslope barn had curtains that were rolled down below 10 ºC and
rolled up above 10 ºC to add ventilation to the barn. Additionally, an east and west door
were located in the monoslope barn and these doors were closed in the winter or during
periods of heavy winds or precipitation.
Cattle in the winter study received corn stalk bedding during periods of cold stress
(146 days). The bedding was placed approximately 15 meters south of the monoslope
barn on the dry lot ground. Moisture, wind, and extreme cold during winter in cold
climates raises the caloric needs of homeotherms; bedding provides a dry surface that
retains body heat. Smerchek et al., (2020) reported that there was a tendency for nonbedded cattle to increase caloric needs in the winter months.
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Winter Calf Nutrition
A summary of the diet composition can be found in table 2.1. In order to assess
intake for the duration of both studies, the South Dakota State University Bunk Reading
System developed by Pritchard (1993) was followed to ensure slick bunk feeding
management. Bunks were assessed and adjustments to dry matter provided to the calves
were performed the same time daily. In order to assess dry matter of the feed products,
feed samples were obtained weekly. The feed samples were weighed as is and then dried
in a drying oven for 24 hours at 60ºC. Once dried, the feed samples were weighed again
at room temperature to obtain the dried weight. The dried weight divided by the starting
weight provided the dry matter percent of the feed product. These assessments also
allowed for measurement of diet water which was utilized to calculate TDWI.
Animal behavior was assessed daily, in order to ensure cattle were receiving
adequate feed. Calf behavior was assessed physically by visual appraisal, reading feed
bunks, and by utilizing the Insentec system daily records. Calves that dropped below ten
percent of their five-day mean DMI for three consecutive days were monitored physically
for signs of illness. Visual observations included observing the eyes, nose, mouth, and
feces for signs of illness. Cattle that were deemed sick were removed from the pen for
measurement of rectal temperature. If temperature exceeded 39.9 °C, calves were treated
with Oxytetracycline (Noromycin 300 LA, Norbook Labs, Newry, Northern Ireland, UK)
or DRAXXIN (Zoetis, Parsippany, NJ). Label directions and proper IUCAC/Beef Quality
Assurance standards were followed for injection administration. Cattle experiencing mild
bouts of acidosis were provided with a probiotic (15cc Probios Bovine One Gel,
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Agrilabs, Saint Joseph, MO). Calf intake was monitored closely afterwards to ensure
acidosis was treated effectively.
Winter research calves were first placed on a backgrounding diet (1.08 NEg,
mcal/kg) before the beginning of the trial in order to ensure proper growth before the
implementation of an implant strategy and before the beginning of the trial. This period
also allowed the naïve calves to adapt to the Insentec system. After the winter calves
adapted to the Insentec system they were provided a grower diet (1.21 NEg mcal/kg; day
-9) for a period of 56 days to ensure proper growth of the calves before providing a
finishing ration. At day 47 of the trial, cattle were transitioned to a 1.30 NEg mcal/kg diet
over a period of 7 days. After the 7-day transition period, steers were placed on a
finishing diet (1.43 NEg mcal/kg; day 51). Steers remained on this diet until steers
reached approximately 28-31% bodyfat (approximately USDA Yield Grade 3; day 181)
using visual observations and assessing when DMI leveled off. Once the bodyfat was
deemed adequate, steers were shipped to a commercial abattoir for harvest (Tyson Foods,
Dakota City, NE).
Summer Calf Nutrition
A summary of diet composition can be found in Table 2.2. Procedures for
assessing cattle intake, behavior, and health discussed in the previous section were also
utilized for the summer calves. However, summer calves did not receive cornstalk
bedding. Though the trial lasted until November, temperatures remained mild, and calves
did not experience prolonged periods below the lower critical temperature for beef cattle
(0°C) before they were harvested.
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Summer research calves were fed a growing diet prior to being transported to the
CCERF, South Dakota State University, Brookings, SD. The buyer did not indicate how
long these calves were on the grower diet According to buyer information, these calves
were not naïve to low levels of concentrate feed products during the backgrounding
period. Therefore, a starting diet of 1.08 NEg mcal/kg was provided after the calves were
able to acclimate to the pen over a period of 2 days on ad libitum grass hay provided in a
portable feed bunk in the center of the pen under the monoslope. Step up diets occurred
every 7 days for a total of 3 step up diets before the beginning of the trial period. Step up
diets also ensured that cattle were allowed to adapt to the Insentec system before the
beginning of the trial. The final finishing diet was 1.43 NEg mcal/kg (day 1 of trial) and
calves remained on this diet until the end of the trial (93 days).
Weather Recording
AWeather data were collected using the Mesonet station located in Brookings, SD
(3.86 km away from the location of the calves; latitude: 44.325, longitude: -96.7685). The
weather station collected various weather variables; however, the daily variables
analyzed were minimum windchill, solar radiation (SRAD; electromagnetic radiation
emitted from the sun), average WSPD, maximum relative humidity (RHMax), maximum
ambient temperature (TAMax), temperature humidity index (THI), and comprehensive
climate index (CCI). Windchill was only relevant for Exp. 1, as windchill is no longer
measured above 10ºC. Furthermore, CCI and THI were both only relevant for Exp. 2, as
these indexes were not able to be measured for the majority of Exp. 1 because the South
Dakota Mesonet station does not measure CCI or THI until 26.7 ºC.
Data Collection and Analysis

48
Feed and water intake were collected via the Insentec RIC system, which was
hardwired to an onsite office computer and backed up by an external hard drive. The
system recorded data in each 24-hour time period to generate a comma delimited file
containing feed and water disappearance per feeding and drinking bout per animal.
Negative values of disappearance were removed from the dataset before analysis.
Additionally, datapoints above 3 standard deviations from the mean were excluded from
the data set, as these values were considered outliers. Both negative values and values
above 3 standard deviations were a total of 10 days from the total records. Daily feed and
water intake results for individual animals per day were summarized using the dply
package in RStudio.Version(1.0.6). Dry matter (DM) values were obtained weekly,
where
".1/0 (/1=ℎ3
":% = <
B × 100.
?.1=1@7A (/1=ℎ3

(3)

Dry matter values obtained allowed predictions of DMI and diet water weights for each
individual animal per day, where
":F = (!GHI@3 HJ K//0 "197LL/7.7@2/ × ":%), and

(4)

"1/3 (73/. = (!GHI@3 HJ K//0 "197LL/7.7@2/ – ":F).

(5)

Additionally, the data set also included a correction for the water’s weight obtained from
weekly water samples taken, where
1 GA HJ (73/. O7GLA/
B × 100, 7@0
1G=

(6)

(73/. "197LL/7.7@2/
× NH../231H@%B .
078

(7)

NH../231H@% = <
Q"(F = <

Total Daily Water Intake (TDWI) was calculated, where
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R"(F = (Q"(F + "1/3 (73/.).

(8)

Analysis performed included both LDWI and TDWI as dependent variables in
separate models. Linear random coefficients models were analyzed in R Studio Version
(R-4.0.5.pkg) to estimate the effects of the respective winter and summer weather
variables, BW, and DMI effects on TDWI and LDWI. Analysis performed included both
LDWI and TDWI as dependent variables in separate models. An S level (type I error) of
0.05 was used for all statistical tests; all statistical tests performed were 2-tailed. A linear
mixed effects model with individual animal random coefficients was utilized in order to
analyze the association between the individual predictors and TDWI or LDWI. Analysis
was performed on variables independently in order to determine significant predictors (P
< 0.050) to include in the saturated multivariate model (Table 2.3 and 2.4). Variables that
were not significant in the independent analysis could be included in the multivariate
model if the variable increased the coefficient of determination by greater than one
percent and remained significant once placed in the multivariate model. In order to
determine the appropriate variables for the reduced multivariate models, backwards
stepwise regression was performed to determine best fit. Fitted versus residual and
normal probability graphs were compared in order to further analyze best fit. To ensure
that multicollinearity was avoided, variance inflation factors were calculated for each
predictor variable. Finally, the R2 from the different models were compared to analyze
the models that described the most amount of variation, in order to determine the final
reduced model. Windchill, RHMax, SRAD, predicted daily BW, and DMI were covariates,
and day nested within animal was the random coefficient for the winter model. In the
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summer model, TAMax, SRAD, WSPD, DMI and predicted daily BW were covariates and
day nested within animal was the random coefficient.
Prior Models Developed for Predicting Water Intake
Water intake prediction equations were developed for the winter group alone, as
alluded to earlier, summer research calves did not have an independent dataset to test the
models developed. In order to validate the prediction equations for Exp 1., an
independent group of Angus and Simmental x Angus bulls not used for model
development was sampled. These bulls also were provided feed utilizing ad libitum
management, the only difference being lack of an implant and the caloric density of the
diet (1.21 NEg/kg for the bulls). Predicted values from each model were compared to
actual TDWI and LDWI in this independent dataset. Furthermore, these models were
compared to equations developed by Winchester and Morris (1956), Arias and Mader
(2011), Sexson et al. (2012), and Ahlberg et al. (2018).
The equation developed by Winchester and Morris (1956) for finishing beef steers
was as follows:
"(F = 6.336 + (0.1057 × O4() − (0.0000963 × O4( " )

(9)

− (1.6 × NZRF) + (0.056 × NZRF " )
+ (0.00226 × O4( × NZRF)
where DWI= daily water intake, CETI= current effective ambient temperature, and
SBW= shrunk bodyweight. The equations developed by Arias and Mader (2011) was as
follows:
"(F = 5.92 + (1.03 × ":F) + (0.04 × O\!")
+ (0.45 × R!#$% )

(10)
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"(F = −7.31 + (1.00 × ":F) + (0.04 × O\!")

(11)

+ (0.30 × R]F)
where DMI= dry matter intake, SRAD= solar radiation, TAMin= minimum ambient
temperature, and THI= temperature humidity index. The authors indicated that there were
high amounts of multicollinearity between the competing models, therefore two
predictive equations were developed in the study. The equation developed by Sexson et
al. (2012) was as follows:
"(F = −14.07 + ^0.163 × \]&'( _ + ^−0.0017 ×

(12)

\]&'( " _ + ^0.0096 × R!#)* " _ + ^−0.00032 ×
\]#)* " _ + (1.01 × R!#$% ) + ^−0.026 × R!#$% " _ +
(0.038 × \]#$% ) + ^0.396 × !-&'( _ + (−0.055 ×
(O-") + (−1.395 × 4() + (−0.249 × !-#)* ) +
( −0.411 × !-#$% ) + (0.0012 × -R!#)* ) + (8.79 ×
:4()
Where RHAvg = average relative humidity, TAMax = maximum ambient temperature,
RHMax = maximum relative humidity, RHMin = minimum relative humidity, APAvg =
average air pressure, WSPD = windspeed, BW = bodyweight, APMax = maximum air
pressure, APMin = minimum air pressure, PTAMax = previous day maximum ambient
temperature, and MBW = metabolic bodyweight. The equation developed by Ahlberg et
al. (2018) was as follows:
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"(F = −4.18 + (2.00 × ":F) + (0.22 × 4()

(13)

+ ^0.57 × R!&'( _ + ^ −0.15 × \]&'( _
+ (−0.16 × (O-") + (0.14 × O\!")
where, TAAvg= average ambient temperature and all else were the same
RESULTS
Experiment 1 and 2: Winter and Summer Research
A summary of Exp. 1 weather variables including mean, standard deviation,
minimum, and maximum, is reported in Table 2.7. A summary of slope estimates and
partial R2 values for TDWI and LDWI individual predictors can be found in Table 2.6
and Table 2.7, respectively. Significant effects were observed for windchill, DMI, BW,
SRAD and RHMax in predicting TDWI and LDWI (P < 0.001). The R2 for the TDWI
model was 0.657, with fixed effects explaining 55.7% of variability and the random
coefficient (day nested within animal) explaining 10.0% of the variability. The R2 for
predicting LDWI was 0.730, with fixed effects explaining 64.3% of variability and the
random effects explaining 8.70% of variability.
A summary of Exp. 2 weather variables including mean, standard deviation,
minimum, and maximum can be found in Table 2.8. A summary of slope estimates and
partial R2 values for individual predictors can be found in Table 2.9 and 2.10,
respectively. For the summer models, SRAD, DMI, BW, TAMax, and WSPD were
associated with TDWI and LDWI (P<0.0001). The R2 for predicting TDWI for the
summer model was 0.686, with fixed effects explaining 54.8% of variation, and the
random effect explaining 13.8% of variation. The R2 for predicting LDWI for the
summer model was 0.670, with fixed effects explaining 52.8% of variation, and the
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random effect explaining 14.2% of variation. Group comparisons of winter and summer
calves were not made due to differences in age, starting body composition, implant
strategy, environmental variables, and genetic background.
The most predictive model for the winter calves was as follows:
8̀ = a+ + ^a,)- × "78_ + (a,#. × ":F) + (a/0 × 4()
+ (a0$%123$44 × (1@02ℎ1AA) + ^a56#$% × \]#)* _
+ (a75&, × O\!")
where b0 is the y intercept, bDay is day within animal bDMI is the coefficient for DMI, bBW
is the coefficient for BW, bWindchill is the coefficient for windchill, bRHMax is the
coefficient for RHMax, and bSRAD is the coefficient for SRAD.
The most predictive model for the summer calves was:
8̀ = a+ + ^a,)- × "78_ + (a,#. × ":F) + (a/0 × 4() + ^a8&#&% × R!#)* _
+ (a079, × (O-") + (a75&, × O\!")
where b0 is the intercept value, bDay is day within animal bDMI is the coefficient for DMI,
bBW is the coefficient for BW, bTAMax is the coefficient for TAMax, bWSPD is the coefficient
for WSPD, and bSRAD is the coefficient for SRAD.
Descriptive Statistics
The average percent dry matter for the winter calves’ diet for the entire period of
the study was 65.2 + 10.8%, whereas the summer calves had an average dry matter
percent in the diet of 71.3 + 1.60%. The variation in diet moisture content was higher for
the winter calves due to calves being on a grower ration high in corn silage at the
beginning of the trial. The average starting BW for the winter calves and summer calves
were 283 + 19.7 and 466 + 20.2 kg, respectively. The mean SRAD value for the summer
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was 3.71+ 1.62 W/m−2, whereas the mean SRAD value for the winter was 3.31 + 2.30
W/m−2. Furthermore, there were several days in April during the winter experiment that
were not registered by the Mesonet station. Average TAMax was 17.8 + 11.2 ºC in Exp. 2.
Minimum daily windchill for the study was -11.4 ± 10.8 ºC for Exp. 1. Average RHmax
for winter months was 92.61 + 6.57%. Average WSPD for the summer study was 14.1 +
6.52 kph.
Effects of Selected Variables on Total and Liquid Daily Water Intake
Dry matter intake had a positive association with both TDWI (1.072 L/kg DMI;
partial R2 = 0.150) and LDWI (0.432 L/ kg DMI partial R2 = 0.150) in Exp. 1. In Exp. 2,
there was also a positive association of DMI with TDWI (1.072 L/kg DMI; partial R2 =
0.132) and LDWI (0.675 L/ kg DMI; partial R2 = 0.025). Body weight was positively
associated with TDWI (0.050 L/kg BW; partial R2 = 0.108) and LDWI (0.057 L/kg BW;
partial R2 = 0.101) in Exp. 1. Similarly, BW was also positively associated with TDWI
(0.076 L/kg BW; partial R2 = 0.064) and LDWI (0.076 L; partial R2 = 0.066) in Exp 2.
The SRAD was positively associated with TDWI (1.04 L/W/m−2 SRAD; partial R2 =
0.108) and LDWI (1.043 L/W/m−2 SRAD; partial R2 = 0.111) in Exp. 1. Furthermore,
SRAD was positively with TDWI (1.07 L/W/m−2 SRAD; partial R2 = 0.037) and LDWI
(1.33 L/W/m−2 SRAD; partial R2 = 0.039). In Exp. 2, TAMax was positively associated
with TDWI (0.060 L/ºC TAMax; partial R2 =0.242) and LDWI (0.604 L/ºC TAMax; partial
R2 = 0.241). In Exp. 1 windchill was positively associated with TDWI (0.383 L/ºC
TAMax; partial R2 = 0.190) and LDWI (0.371 L/ºC TAMax; partial R2 = 0.183). To the best
of our knowledge, this study is the only one that utilized windchill to predict water intake
in beef cattle. Rather than utilizing ambient temperature and WSPD separately in the
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winter model, it was observed that including mean windchill explained slightly more
variation overall for TDWI (R2= 0.657 versus R2 = 0.643) and LDWI (R2 = 0.731 versus
R2 = 0.721 respectively). Further, RHMax was negatively associated with TDWI (-0.140
L/% RHMax; partial R2 = 0.022) and LDWI (-0.128 L/% RHMax; partial R2 = 0.019). Wind
speed was negatively associated with TDWI (-0.068 L/Kph WSPD; partial R2 = 0.003)
and LDWI (-0.770 L/Kph WSPD; partial R2 = 0.004) in Exp. 2. Results for
comprehensive climate index (CCI) and temperature humidity index (THI) can be found
in Tables 2.12 to 2.15. In Exp. 2 CCI was positively associated with TDWI (0.383 L/ºF
CCI; partial R2 = 0.307) and LDWI (0.347 L/ºF CCI; partial R2 = 0.307). Additionally, in
Exp. 2 was positively associated with TDWI (0.486 L/ºF THI; partial R2 = 0.246) and
LDWI (0.486 L/ºF THI; partial R2 = 0.247).
Model Validation
Model validation results can be found in Table 2.11. Model validation only
occurred for Exp. 1 due to not having an independent dataset for Exp. 2. The current
study underpredicted water intake by 3.20 L per day for an independent pen of Angus and
Simmental x Angus bulls that were not on trial. Furthermore, the current study had the
lowest average residual and the highest R2 amongst published equations. Equation [11]
developed by Arias and Mader (2011) could not be validated by this study due to
temperatures being insufficient during Exp. 1 to obtain values for THI. Unsurprisingly,
Winchester and Morris (1956) had the highest absolute mean residual (-15.90) and the
lowest R2 (0.6051).
DISCUSSION
Dry Matter Intake

56
Water intake and dry matter intake have long been known to be correlated due to
the role of water in nutrient hydrolysis, transportation of ions and metabolites, and the
removal of end products and waste (NASEM 2016). Furthermore, part of the correlation
may be explained by cattle needing water in order to produce saliva to lubricate the
lumen, swallow feed boluses, and regurgitate feed, especially in drier diets (Balch, 1958)
seen in the finishing phase in many feedlot diets compared to cattle on grass pasture.
Furthermore, water is needed for salivation, which is directly related to DMI (Balch,
1958).
Along with the current study, other studies observed a positive association
between DMI and water intake (Arias and Mader, 2011; Ahlberg et al., 2018).
Furthermore, Arias and Mader (2011) concluded that for every kg of DMI consumed
LDWI increased by 1.03 liter. However, Arias and Mader (2011) reported that DMI was
the least important variable, explaining only 2.0% of variation. Ahlberg et al. (2018)
concluded that for every kg of DMI consumed, LDWI increased by 2.32 L in the summer
(partial R2 = 0.155) and 1.76 L in the winter (partial R2 = 0.290). It has been suggested
that DMI generally decreases in the summer months but increases in the winter months
(Winchester and Morris, 1956); therefore, DMI may be an inconsistent predictor of
TDWI and LDWI. In our dataset, varying temperatures from -38.9 to 34.4 °C had no
effect in changing the slope estimates and the importance of DMI in the overall model.
Dry matter intake has also been known to cause behavior related changes in water
intake (Kraly, 1984). Further studies must be carried out in order to quantify behavior
related TDWI and LDWI associated with DMI. For example, this study had the waterers
directly adjacent to the feeders under the monoslope barn. Fitzsimmons and LeMagnen
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(1969) observed that rats drank a significant amount of their daily water intake prior to
eating a meal when water was available near the feed. Oatley (1971) observed that
drinking behavior rhythms paralleled adequate light for rats to move around and consume
feed. Kraly (1984) attributed this observation to learned behavior as mammals associate
drinking behavior with feeding behavior. Prior research suggested that both play a vital
role in the interaction of DMI and water intake (Mader and Davis, 2004; Ahlberg et al.,
2018). In the study performed by Ahlberg et al. (2018), for every kg of DMI consumed
LDWI increased by 1.86 L when slick bunk management was implemented (partial R2 =
0.150). Considering the ad libitium management strategy, for every kg of DMI consumed
LDWI increased by 2.63 L (partial R2 = 0.05). Ahlberg et al. (2018) attributed at least
some management differences to differences in body composition of cattle between
management groups. Nonetheless, it would make sense that management may determine
at least some of the variation in TDWI and DMI. Thus, TDWI variation may be further
explained by considering the correlation between feed and water intake, as well as
management strategies imposed upon the animals. However, in the current study, slick
bunk feeding, commonly utilized by North American feedlots, was utilized for all
animals; therefore, different effects of feeding management strategies on TDWI or LDWI
were not estimated.
Body Weight
Body weight, in multicellular organisms, is a function of hypertrophy,
hyperplasia, or both. As animals increase in cell numbers and size, thus causing an
increase in BW, calorie and water requirements increase. Calorie consumption and DMI
are both correlated with BW (Reid and Robb, 1971). Water is needed for nutrient
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hydrolysis, transportation of ions and metabolites, and the removal of end products and
waste (NASEM, 2016); thus DMI, water intake, and BW are all correlated. In the current
study, BW was positively associated with TDWI and LDWI. Furthermore, Ahlberg et al.
(2018) observed that for every kg increase in BW LDWI increased by 0.11 L (partial R2 =
0.040) in the summer months and 0.22 L (partial R2 = 0.032) in the winter months.
However, according to Sexson et al. (2012), for every kg increase in BW LDWI
decreased by 1.40 L (partial R2 = 0.012).
Bodyweight alone without considering additional components such as lean tissue
growth compared to fat deposition along the growth curve, may not fully describe
variation among mature and growing animals. When cattle reach the endpoint of bone
growth and protein deposition, BW may become a less important predictor of TDWI as
cellular demand for water would be expected to level off as adipocyte accumulation
becomes predominant along the growth curve (Fox and Black, 1984). Thus, body
composition effects on water intake warrant further research. In Sexson et al. (2012), BW
in cattle less than 500 kg was positively associated with LDWI, whereas BW in cattle
above 500 kg were negatively associated with LDWI. Ahlberg et al. (2018) suggested
that BW is an even more important predictor in determining water intake with ad libitum
feeding strategies, as would be seen in many herds outside of a feed yard.
When considering DMI and its interaction with TDWI and BW, DMI will begin
to level off as body fat composition increases in beef cattle (Lofgreen and Garrett, 1968).
Increased leptin levels as adipocyte deposition increases may be responsible for
decreasing the slope of DMI. Foote et al. (2016) showed that circulating leptin levels
increased in both steers and heifers as cattle adipocyte deposition increased. The DMI
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will directly impact the amount of water an animal consumes as discussed in the previous
section. Unsurprisingly, in Foote et al. (2016) heifers had higher levels of leptin at a
lower body weight, as more energy per unit of gain was deposited as fat compared to lean
tissue in heifers compared to steers and bulls. This result suggested that sex differences
may contribute to variation in DMI, BW, TDWI, and LDWI, which warrants further
research.
Along with sex differences contributing to variation in DMI, BW, TDWI, and
LDWI, implanted steers experience decreased anabolic effects within the body beyond
the recommended effectiveness of the implant, subsequently leading to decreased DMI
and increased adipocyte accumulation which may lead to a decrease in TDWI and LDWI
by the animal. These physiological changes are not as much a function of the animal’s
increased BW as the timing of implantation. Implants containing trenbolone acetate
(TBA) and estradiol-17β have been known to increase the frame size of cattle, DMI and
ADG, while decreasing marbling and delaying fattening (Smith et al., 2018). Cattle given
non-coated implants experienced maximal carcass gain during the first 40 days, and gains
began to decrease unless reimplanted (Johnson et al., 1996). Another option is coated
implants which can have an effectiveness of up to 200 days post implantation compared
to non-implanted controls (Cleale et al., 2012). However, Smith et al. (2018) concluded
from day 141 to 213 there was no difference in performance between coated implants,
non-coated implants, and no implants in gain response (P > 0.10). These results may
suggest implant strategy has little effect on lean tissue growth by the animal regardless of
implant strategy after the recommended effectiveness of the implant. Thus, after a certain
period implant strategy may no longer be associated with water intake because of
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decreased anabolic effects on lean tissue. In the current study, cattle in the winter study
may have experienced delayed fat deposition for longer periods during the duration of the
study due to being implanted with a coated implant, compared to the summer calves.
Summer calves received a non-coated implant, which has a shorter effectiveness
compared to coated implants, meaning more adipose accumulation may have occurred for
a longer period compared to winter calves. Thus, cattle in the winter may have
experienced a longer period of delayed leptin levels and a longer period of increased
water intake as a function of BW compared to summer calves. The above suggestions
may explain additional decreases of TDWI and LDWI further along the growth curve.
The effect of implant type should be compared to test if implant affects water intake.
Solar Radiation
In the current study, SRAD was positively associated in Exp. 1 and 2. In the
winter model, SRAD explained 10.8% of variation for TDWI and 11.1% of variation for
LDWI. Interestingly, SRAD explained much less variability in the summer calves; 3.70%
of variation was explained by SRAD for TDWI and 3.9% of variation was explained by
SRAD for LDWI. Although it was not quantified how much time each group spent in
shade, general observations were made that winter cattle typically spent less time under
the monoslope on the cement ground and more time laying on corn stalk bedding to
conserve body heat. Therefore, it is possible that cattle in the winter spent more time
exposed to SRAD compared to summer calves. Additionally, SRAD often contributes to
heat stress during the summer (Mader et al., 2006). Arp et al. (1983) concluded that the
surface temperature of black-haired cattle can be up to 21 °C greater than that of whitehaired cattle, as black is known to absorb heat via light absorption, whereas white is
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known to reflect light, and thus heat. This difference may explain why the cattle in this
study may have spent more time exposed to SRAD during the colder winter months
versus during the warmer summer months. During the winter, the black-haired cattle
were absorbing more heat in order to increase warmth, while black haired cattle in the
summer possibly spent more time in the shade to cool themselves. We hypothesized that
increased time spent in sunlight led to increased water intake. Since the summer calves
were also black haired, it was not surprising that calves generally spent more time under
the monoslope barn, and less time exposed to SRAD. Ahlberg et al. (2018) observed even
less variation explained by SRAD, explaining only 0.0001% of variation in the summer
model and 0.30% of variation in the winter model when predicting LDWI. Despite
similar barn setups and similar cattle hair color between Ahlberg et al. (2018) and the
current study, SRAD explained more variation in the current study. Arias and Mader
(2011) reported a similar partial R2 value for our winter model, with their model
explaining 3.0% of variability for LDWI. However, SRAD explained 14.0% of variation
when predicting LDWI during the summer (Arias and Mader, 2011). Shade structures
may not have been used by Arias and Mader (2011), thus possibly explaining the high R2
value observed for the summer months. The current study suggested that SRAD was an
important predictor for TDWI and LDWI in both winter months. Furthermore, although
SRAD is an important component in heat stress indices, it may be more important in dark
haired cattle during the winter compared to the summer when shelter is available, at least
in the Upper Midwest.
Maximum Ambient Temperature
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Unsurprisingly, the majority of water intake studies have determined that some
form of ambient temperature is an important variable when predicting LDWI in beef
calves. Our current study observed a positive correlation between TAMax and TDWI
(partial R2 = 0.0242) as well as LDWI (partial R2 = 0.0241). Murphy et al. (1983)
concluded that because mean, minimum, and maximum ambient temperature were highly
correlated, any of the variables could be utilized to predict water intake regardless of the
season. The positive correlation observed in the current study was supported by Sexson et
al. (2012), predicting that for every ºC increase in TAMax, LDWI increased by 0.0096 L
(partial R2 = 0.236). However, Sexson et al. (2012) observed that TAMax explained more
variation than TAMin among winter and summer months, which was not observed in
winter months in the current study. Still, most published models used a variety of
measures of ambient temperature. Both TDWI and LDWI have positively associated with
average ambient temperature (Winchester and Morris, 1956; Ahlberg et al., 2018),
minimum ambient temperature (Arias and Mader, 2011) and TAMax (Sexson et al., 2012).
However, winters in the upper Midwest are severe with extended periods of low
temperatures and summers that are relatively mild. It was observed in the current study
that TAMax was the most useful temperature measurement for predicting TDWI and
LDWI for the summer calves. The current results are not surprising as it would be
expected that ambient temperature would have the greatest immediate effect on core body
temperature. Water intake would be expected to be directly related to TAMax in an attempt
by the homeotherm to dissipate the respective heat load to maintain a proper range of
core body temperature.
Windchill

63
Cattle naturally have a thermal neutral zone (TNZ) ranging from 0 to 25 °C,
although the exact range depends on many factors (NASEM, 2016). Examples of these
factors include subspecies, breed, environment cattle are adapted to, acclimation time to
the environment, wet versus dry hair, and shelter type (NASEM, 1981). Much like other
climate indices, windchill, a value obtained by wind velocity and ambient temperature,
helps to establish heat loss due to exposed skin, and thus the cold effects felt by the
animal. In this study, windchill had a positive association with TDWI and LDWI.
Unsurprisingly, it was determined that windchill was the predictor that described the
most variation for both TDWI and LDWI in the winter model, as cold weather causes
homeotherms, like cattle, to seek shelter and bed down to conserve body heat. Thus,
cattle are often less active during this period. Cattle would be expected to drink less water
due to being less active when weather is below the thermal neutral zone. Furthermore,
unless the water was warm enough to have a warming effect on core body temperature,
LDWI would be expected to decrease due to the cooling effects on core body
temperature. Results suggest that windchill is a major predictor of TDWI and LDWI in
winter beef cattle feeding systems.
Wind Speed
As discussed in the previous section, windchill accounted for the effects of both
wind and ambient temperature in the winter. However, windchill is only defined for
values less than 10°C. Therefore, for values above this threshold, WSPD must be taken
into account separately. In Exp. 2, WSPD was negatively associated with TDWI and
LDWI. The negative association can be attributed to the cooling effects felt by
homeotherms. Despite the significant effect, WSPD was the least important variable in
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the summer model at explaining variability in TDWI (partial R2 = 0.003) and LDWI
(partial R2 = 0.003). This result was consistent with Loneragan et al. (2001), which
observed WSPD only explained 0.5% of variation in LDWI in dairy cows. Previous work
observed similar results; for every Kph increase in WSPD, LDWI decreased by 0.055 L,
explaining 0.8% of variation for LDWI (partial R2 = 0.008; Sexson et al., 2012).
Furthermore, for every Kph increase in WSPD, LDWI decreased by 0.27 L (partial R2 =
0.003) for summer calves and 0.06 L for winter calves (partial R2 = 0.006).
Calves in the summer tended to spend more time under the monoslope barn
compared to winter calves based upon visual observations. This observation may help
explain why WSPD was the least important predictor as the barn may have partially
blocked the cooling effects felt by WSPD, especially when wind direction was from the
north or east. As described previously, the north side of the monoslope barn utilized in
this study had curtains that were rolled down in the winter and rolled up in the summer to
add ventilation to the barn. Additionally, an east and west door was located in the
monoslope barn and was closed off during periods of heavy winds. Thus, the decision to
include WSPD in a model may depend on shelter orientation that protects from the wind
as well as duration of the WSPD during the day. The current study cannot estimate
effects of these variables; however, subsequent studies may be able to quantify these
effects. Although WSPD does not explain a great proportion of variability in TDWI and
LDWI, including WSPD increased the proportion of TDWI and LDWI variation
explained by the model.
Maximum Relative Humidity
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The RHMax also had a negative association with TDWI and LDWI during winter
months. Sexson et al. (2012) observed that for every percent increase in RHMax, LDWI
decreased by 0.00032% (partial R2 = 0.018) regardless of season. However, Arias and
Mader (2011) and Ahlberg et al. (2018) utilized mean relative humidity in their studies.
The mean relative humidity explained 7% of variation in LDWI (Arias and Mader, 2011)
and 2.5% of variation in LDWI when summer and winter months were combined
(Ahlberg et al., 2018). The mean relative humidity explained 0.6% of LDWI variation
during summer months and 3.2% of LDWI variation during winter months only (Ahlberg
et al., 2018). Although relative humidity is often associated with heat stress due to the
retention of body heat, relative humidity has also been associated with heat loss during
winter months (Mader et al., 2006). Thus, the negative association observed in the current
study for the winter model is unsurprising. The RHMax results in saturation of cattle hair,
leading to a cooling effect on homeotherms and less water intake during winter months.
Although the variation explained by RHMax was small, this variable was still an important
predictor of TDWI and LDWI.
Comprehensive Climate Index and Temperature Humidity Index
As alluded to earlier, cattle in South Dakota often experience mild summers;
however, occasionally heat stress occurs. Not only is understanding heat stress important
for cattle health but also DMI, TDWI, and LDWI. The DMI is a function of core body
temperature which is influenced by the environment (Hahn, 1995; Frank et al., 2001).
Furthermore, cattle utilize water to dissipate the heat load associated with heat stress.
Although it is generally accepted that cattle will drink more water during periods of heat
stress, quantitatively assessing heat stress effects on water intake are also important,
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especially in drought prone areas. Core body temperature is an indicator of heat stress
within the animal; it is not practical to assess core body temperature for every animal in a
commercial setting (Mader et al., 2002; Mader et al., 2003; Davis et al., 2003). Therefore,
utilizing weather variables to predict the likelihood of heat stress is more practical than
using technology to predict core body temperature in beef cattle. The Livestock Weather
Safety Index (LWSI) is the standard for measuring heat stress for the livestock industry
(LCI, 1970). The LWSI is the safety index utilized in many studies to denote heat stress
levels for homeotherms (Mader et al. 2004). More specifically, the LWSI used by the
beef cattle industry is THI (Thom, 1959; NOAA, 1976):
R]F = 0.8 × R! + (\] ⁄100) × (R! − 14.3)) + 46.4

(14)

Where THI = temperature humidity index, TA = ambient temperature, and RH = relative
humidity.
Although this index only includes values for temperature and humidity, Mader
(2004) concluded that it would be useful to include SRAD and WSPD as a measurement
to predict heat stress because both SRAD and WSPD alter the ability to maintain thermal
balance in homeotherms. During increasing temperatures, ambient temperature, RH, and
SRAD increase core body temperatures in homeotherms, and WSPD cools core body
temperature (Mader and Davis, 2004). In colder temperatures, that ambient temperature,
RH, and WSPD decrease core body temperature, and SRAD increases core body
temperature. This observation was the basis for the development of the CCI by Mader et
al. (2010) seeking to explain fully the weather effects felt by homeotherms. Furthermore,
CCI was developed in an area where temperatures ranged from -30-45 °C (Mader et al.,
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2010). The equation for CCI provides TA adjustments for RH (Equation [15]), WSPD
(Equation [16]), and SRAD (Equation [17]) (Mader et al., 2010).
Temperature and Humidity Correction Factor =
/ :+.++<="×56?<.=×<+

!'

×8&× 56A

(15)

× (0.000054 × R!" + 0.00192 ×

R! − 0.0246) × (\] − 30)
Wind Speed Correction Factor=
c

BC.DC
"
!+
).'
!) G
().)+ ×./0123.)4)3.6' ×7).82"."6 × "3 ×./01 !9:;3.4().)+ × ./0123.44) <

(16)
d−

EF

0.0056 × (O-"" + 3.33
Total Radiation Correction Factor =
(0.0076 × O\!") − (0.00002 × O\!" × R!) + (0.00005 ×

(17)

R!" ) × √O\!" + (0.1 × R!) − 2
Thus, the equation for CCI is TA + Equation [15] + Equation [16] + Equation [17]
(Mader et al., 2010).
As discussed in the SRAD section, SRAD is an important predictor in this model,
and due to the heat absorption of the black pigment, SRAD may have a larger effect on
black haired cattle. Furthermore, the other variables described by Mader and Davis
(2004) would be expected to affect water intake due to the effects on core body
temperature and DMI. Although the CCI aimed to comprehensively describe weather
effects felt by the animal, its use in beef cattle water intake literature has not been
extensively utilized. In the current study, minimum CCI had a positive association on
TDWI and LDWI in black hided calves (P < 0.001). While more variation in TDWI (R2
= 0.686) and LDWI (R2 = 0.670) can be explained by utilizing independent variables
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separately (SRAD, ambient temperature, and WSPD), replacing independent weather
variables with CCI explained approximately the same variation for TDWI (R2 = 0.662)
and LDWI (R2 = 0.645). Thus, CCI was a useful predictor in predicting TDWI and
LDWI. However, it was determined that the single weather variables explained more
variation in TDWI and LDWI compared with CCI. This finding may be explained by the
impact RH and WSPD had in the summer calves. Interestingly, RH was not significant in
the summer model (P > 0.42). Furthermore, WSPD only explained 0.3% of variation in
the summer model.
A similar result was observed with the effects of THI on TDWI (R2 = 0.660) and
LDWI (R2 = 0.644), which was also useful for predicting TDWI and LDWI in the
summer calves (P<0.001); however, THI did not remain in the multivariate model due to
decreased variation explained by THI compared to individual weather variables.
Although THI is the LWSI (Thom, 1959; NOAA, 1976), it is not surprising that less
variation is explained by THI in the current study because SRAD adjustments are not
included, which is a major factor affecting heat absorbed by black haired cattle (Arp et
al., 1983). Furthermore, THI fails to take into account the effects of WSPD (Arias et al.,
2010). Lastly, both THI and CCI take into account relative humidity which was not
significantly associated with TDWI or LDWI in Exp. 2.
CONCLUSION
The current study concluded that DMI, BW, SRAD, TAMax, and WSPD were
useful predictors of TDWI and LDWI in beef steers during summer months.
Additionally, DMI, BW, SRAD, windchill, and RHMax were useful predictors of TDWI
and LDWI in beef calves during winter months. Although prior studies (Winchester and
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Morris, 1956; Arias and Mader 2011; Sexson et al., 2012; Ahlberg et al., 2018)
developed predictive equations in warmer climates, the current study suggests similar
predictors are still relevant in climates experiencing more mild summers, such as Upper
Midwestern USA. However, the current study utilized TAMax to describe the most amount
of variation in TDWI and LDWI during the summer months. The TAMax has a direct
effect on core body temperature, thus determining the amount of water needed by the
animal to provide a cooling effect to the body. Additionally, windchill during the winter
months explained the most variation for TDWI and LDWI. Much like TAMax, windchill
would have a direct effect on core body temperature, thus decreasing water intake due to
cooling effects provided by water. Unsurprisingly, DMI had a greater effect in the models
predicting TDWI compared to LDWI in both winter and summer months, as TDWI
included diet water which was directly related to DMI.
This research is a valuable in understanding factors affecting TDWI and LDWI,
especially in the upper Midwest region, as well as being able to contribute to a future
sustainability plan. Future studies are needed to establish sex differences, behavior
related water intake as suggested by Kraly (1984), as well as implant effects on water
intake due to the change in body composition. Lastly, future studies are needed to
quantify genetic variance for water intake and efficiency.
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Table 2.1. Composition of finishing diet (DM basis)a
Finishing diet
Item
Dry rolled corn, %
Dried distillers grain, %
Corn silage, %
Liquid supplementb, %
Dry matter, %
Crude protein, %
Neutral detergent fiber, %
Acid detergent fiber, %
Ash, %
Ether extract, %
NEmc, Mcal/kg
NEgd, Mcal/kg
a
All values except dry matter or a DM basis.
b
Liquid supplement: formulated to add 33.3 g/907-kg of
monensin sodium to diet DM and vitamins and minerals
to meet NASEM (2016) requirements.
c
Net energy for maintenance
d
Net energy for gain

53.5
20
20
6.5
72.1
14.44
16.54
6.72
5.32
5.28
2.07
1.43
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Table 2.2. Composition of finishing diet (DM basis)a
Finishing diet
Item
Dry rolled corn, %
53.5
Dried distillers grain, %
20
Corn silage, %
15
Ground mature brome hay %
5
b
Liquid supplement , %
6.5
Dry matter, %
72.1
Crude protein, %
14.34
Neutral detergent fiber, %
16.58
Acid detergent fiber, %
6.79
Ash, %
5.39
Ether extract, %
5.24
NEmc, Mcal/kg
2.02
d
NEg , Mcal/kg
1.39
a
All values except dry matter or a DM basis.
b
Liquid supplement: formulated to add 33.3 g/907-kg of
monensin sodium to diet DM and vitamins and minerals
to meet NASEM (2016) requirements.
c
Net energy for maintenance
d
Net energy for gain
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Table 2.3. Univariate regression analysis of each variable used for predicting total and liquid
daily water intake (L/d) for winter calves.
Dependent
Independent
Slope estimate
SE
R2
P- value
variablea
variableb
TDWI
0.880
0.0552
0.130
<0.001
DMI, kg
0.115
0.0080
0.184
<0.001
BW, kg
0.318
0.0080
0.187
<0.001
Windchill, °C
2
1.158
0.0499
0.169
<0.001
SRAD, W/m
-0.017
0.0149
0.186
0.250
RHMax, %
LDWI
0.246
0.0545
0.112
<0.001
DMI, kg
0.115
0.0109
0.150
<0.001
BW, kg
0.326
0.0115
0.128
<0.001
Windchill, °C
1.17
0.0478
0.110
<0.001
SRAD, W/m2
-1.17
0.0143
0.124
0.243
RH, %
a
TDWI= total daily water intake, LDWI= liquid daily water intake
b
DMI= Dry matter intake, BW= body weight, SRAD= solar radiation, RHMax= maximum
relative humidity
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Table 2.4. Univariate regression analysis of each variable used for predicting total
daily water intake (L/d) for summer calves.
Dependent
Independent
Slope estimate
SE
R2
Pa
b
variable
variable
value
TDWI
DMI, kg
0.903
0.0665
0.200
<0.001
BW, kg
0.139
0.0178
0.181
<0.001
0.614
0.0229
0.297
<0.001
TAMax, °C
2
SRAD, W/m
2.247
0.1605
0.303
<0.001
WSPD, Km/h
0.004
0.0320
0.299
0.891
LDWI
DMI, kg
0.517
0.0665
0.210
<0.001
BW, kg
0.124
0.0169
0.169
<0.001
0.632
0.0219
0.266
<0.001
TAMax, °C
2
SRAD, W/m
2.356
0.1553
0.272
<0.001
WSPD, Km/h
0.022
0.0312
0.267
0.481

a

TDWI= total daily water intake, LDWI= liquid daily water intake
DMI= Dry matter intake, BW= body weight, TAMax= maximum ambient temperature,
SRAD= solar radiation, WSPD= windspeed
b
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Table 2.5. Descriptive winter statistics for daily windchill, maximum relative
humidity, and solar radiation from December 11, 2019 – June 8, 2020.
Variablesa
Mean
SD
Minimum
Maximum
-11.21
10.57
-38.89
9.44
Windchill, °C
RHMax, %
92.61
6.56
68.28
100
2
SRAD, W/m
3.31
2.30
0
8.6
a
RHMax = maximum relative humidity and SRAD= solar radiation.
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Table 2.6. Total daily water intake among winter calves.b
Variablea
Slope estimate
SE
Partial R2
P- value
Intercept
26.108
Day
-0.106
0.0159
0.085
<0.001
DMI, kg
1.072
0.0447
0.132
<0.001
BW, kg
0.048
0.0080
0.108
<0.001
0.383
0.0118
0.190
<0.001
Windchill, °C
2
SRAD, W/m
1.039
0.0443
0.108
<0.001
-0.139
0.0138
0.022
<0.001
RHMax, %
a
DMI= Dry matter intake, BW= body weight, SRAD= solar radiation, RHMax= relative
humidity max.
b 2
R = 0.657
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Table 2.7. Liquid daily water intake among winter calves.b
Variablea
Slope estimate
SE
Partial R2
P- value
14.570
Intercept
-0.067
0.0163
0.037
<0.001
Day
0.432
0.0442
0.025
<0.001
DMI, kg
0.057
0.0082
0.101
<0.001
BW, kg
0.371
0.0117
0.183
<0.001
Windchill, °C
2
1.043
0.0439
0.111
<0.001
SRAD, W/m
-0.128
0.0137
0.019
<0.001
RHMax, %
a
DMI= Dry matter intake, BW= body weight, SRAD= solar radiation, RHMax= relative
humidity max.
b 2
R = 0.730
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Table 2.8. Descriptive summer statistics for daily maximum ambient temperature,
maximum relative humidity, windspeed, and solar radiation from August 14, 2020 –
November 18, 2020
Variablesa
Mean
SD
Min
Max
17.81
11.20
-5.00
34.44
TAMax, °C
90.04
7.09
62.70
99.50
RHMax, %
WSPD, km/h
8.77
4.05
0
19
SRAD, W/m2
3.61
1.61
0
6.7
a
TAMax = maximum ambient temperature, RHMax = maximum relative humidity,
WSPD = windspeed, and SRAD = solar radiation
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Table 2.9. Total daily water intake among summer calves.b
Variablea
Slope estimate
SE
Partial R2
P- value
-24.778
Intercept
-0.138
0.0345
0.036
<0.001
Day
1.072
0.0563
0.150
<0.001
DMI, kg
0.076
0.0148
0.064
<0.001
BW, kg
0.604
0.0223
0.242
<0.001
TAMax, °C
2
1.300
0.1393
0.037
<0.001
SRAD, W/m
-0.068
0.0256
0.003
<0.001
WSPD, km/h
a
DMI= Dry matter intake, BW= body weight, SRAD= solar radiation, TAMax= ambient
temperature max, WSPD= wind speed
b 2
R = 0.686
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Table 2.10. Liquid daily water intake among summer calves.b
Variablea
Slope estimate
SE
Partial R2
P- value
-29.956
Intercept
-0.160
0.0347
0.048
<0.001
Day
0.675
0.0562
0.066
<0.001
DMI, kg
0.087
0.0148
0.083
<0.001
BW, kg
0.602
0.0223
0.241
<0.001
TAMax, °C
1.332
0.1390
0.039
<0.001
SRAD, W/m2
-0.077
0.0255
0.004
0.003
WSPD, km/h
a
DMI= Dry matter intake, BW= body weight, SRAD= solar radiation, TAMax= ambient
temperature max, WSPD= wind speed
b 2
R =0.670
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Table 2.11. Validation of models predicting LDWI among studies
Study

Current Study
Winchester and Morris
(1956)
Arias and Mader
(2011)a

Sexson et al. (2012)

Ahlberg et al. (2018)

Average Residual

R2

P- Value

3.20

0.8096

<0.001

-15.90

0.6051

<0.001

6.87

0.7526

<0.001

8.65

0.6378

<0.001

-11.63

0.6346

<0.001
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Table 2.12. Total daily water intake among summer calves reduced model using
comprehensive climate indexb.
Variablea

Slope Estimate
SE
Partial R2
P- value
-0.106
0.0356
0.018
0.009
Day
1.072
0.0575
0.129
0.004
DMI, kg
0.048
0.0151
0.039
0.001
BW, kg
0.383
0.0117
0.278
<0.001
CCI, °F
a
DMI= Dry matter intake, BW= body weight, CCI= comprehensive climate index
b 2
R = 0.6623

87
Table 2.13. Liquid daily water intake summer calves reduced model using
comprehensive climate index.b
Variablea
Slope Estimate
SE
Partial R2
P- value
-0.124
0.0356
0.027
<0.001
Day
0.613
0.0574
0.052
<0.001
DMI, kg
0.071
0.0150
0.053
<0.001
BW, kg
0.347
0.0117
0.280
<0.001
CCI, °F
a
DMI= Dry matter intake, BW= body weight, CCI= comprehensive climate index
b 2
R = 0.6451
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Table 2.14. Total daily water intake among summer calves reduced model using
temperature humidity index.b.
Variablea
Slope Estimate
SE
Partial R2
P- value
-0.119
0.0359
0.025
0.001
Day
1.074
0.0592
0.138
<0.004
DMI, kg
0.045
0.0154
0.021
0.004
BW, kg
0.486
0.0178
0.246
<0.001
THI, °F
a
DMI= Dry matter intake, BW= body weight, THI= temperature humidity index
b 2
R = 0.6603
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Table 2.15. Liquid daily water intake among summer calves reduced model using
temperature humidity index.b
Variablea
Slope Estimate
SE
Partial R2
P- value
-0.141
0.0356
0.034
0.001
Day
0.681
0.0591
0.061
<0.001
DMI, kg
0.055
0.0152
0.031
0.003
BW, kg
0.486
0.0178
0.247
<0.001
THI, °F
a
DMI= Dry matter intake, BW= body weight, THI= temperature humidity index
b 2
R = 0.6438
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Figure 2.4. Daily mean total water intake for Exp. 1 from 12/12/2019 to 06/07/2020
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Figure 2.5. Daily maximum temperature for Exp 2. from 8/14/2020 to 11/18/2020
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Figure 2.6. Daily maximum wind speed for Exp 2. from 8/14/2020 to 11/18/2020
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Figure 2.7. Daily maximum solar radiation for Exp. 2 from 8/14/2020 to 11/18/20
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Figure 2.8. Mean total water intake for Exp. 2 from 08/14/2020 to 11/18/200
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Figure 2.9. Exp. 1: the relationship between mean water intake and predicted mean body
weight
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Figure 2.10. Exp. 1: the relationship between mean water intake and dry matter intake
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Figure 2.11. Exp. 1: the relationship between mean water intake and daily low windchills
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Figure 2.12. Exp. 1: the relationship between mean water intake and solar radiation
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Figure 2.13. Exp. 2: the relationship between mean water intake and predicted mean
body weight

25 35 45 55

Mean Water Intake (L)

103

0

10

20

30

Maximum Ambient Temperature (ºC)
Figure 2.14. Exp. 2: the relationship between mean water intake and maximum ambient
temperature
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Figure 2.15. Exp. 2: the relationship between mean water intake and solar radiation

